The synthesis of CuZn SOD by rat lung increases spontaneously in the fetus in late gestation and during exposure of neonatal and adult rats to > 95% 02. To explore the regulation of these increases, we measured rat lung Cu,Zn SOD synthesis and activity. We also cloned and sequenced a rat lung Cu,Zn SOD cDNA that was used to measure Cu,Zn SOD mRNA concentration. We found that (a) under normal gestational and postgestational conditions the synthesis of this enzyme was regulated pretranslationally; (b) the increased synthesis that occurs under hyperoxia (> 95% 02), was pretranslationally mediated in otherwise unmanipulated neonatal rats but translationally controlled in hyperoxic adult rats; and (c) in lungs of rats made tolerant to > 95% 02 by allowing 24 h rest in air after an initial 48 h in > 95% 02, the increased Cu,Zn SOD synthesis that occurred during the second period of hyperoxia -was regulated pretranslationally. We conclude Cu,Zn SOD gene expression in the lung is developmentally regulated under normal conditions and in response to an oxidant challenge. Tolerance, whether endogenous or induced, appears to require the accumulation of increased amounts of CuZn SOD mRNA.
birth, the rate of Cu,Zn SOD synthesis by fetal lung increases markedly (I 1).
The ability to survive prolonged exposure to hyperoxia (tolerance) can be an endogenous property as occurs in the neonates of some species (12), can be pharmacologically induced by treating adult rats with endotoxin (9, 10) , and can be produced in adult rats by exposure to -85% 02 before exposure to > 95% 02 (7) . Recently, remarkable tolerance to > 95% 02 was induced in adult rats by providing a short rest period in air, or in 50-75% 02, between periods of exposure to > 95% 02 (13) . Tolerance in this new model is associated with an increase in the activity of SOD, catalase, and glutathione peroxidase in the lung during reexposure to > 95% 02 (Frank, L., J. Iqbal, M. Hass, and D. Massaro, unpublished observations).
The mechanisms that might bring about the elevation of lung antioxidant enzyme activity in response to hyperoxia and in preparation for birth have been explored only for Cu,Zn SOD; in these cases the increase is due to a faster rate ofCu,Zn SOD synthesis (1 1, 14, 15) . However, the level ofgene expression at which the increased synthesis is regulated is not known. We now report the isolation and sequence of a full-length cDNA for rat lung Cu,Zn SOD and its use, with measurements of Cu,Zn SOD activity and synthesis, to explore the level at which the expression of gene(s) for Cu,Zn SOD are regulated in the lung during development and in response to hyperoxia.
Methods
Animals. Adult Sprague-Dawley albino rats were purchased from Charles River Breeding Laboratories (Wilmington, MA) and subsequently maintained in the Animal Care Facility of the University of Miami. They were allowed rodent laboratory chow (model 5001; Ralston Purina, St. Louis, MO) and water ad lib. Lighting was provided from 7 a.m. to 7 p.m. daily. We bred the fetal and neonatal rats used in these experiments in our Animal Care Facility. This was accomplished by placing one male with two females overnight for 12 h. Probable pregnancy was determined the next morning by the presence of sperm in a smear made of vaginal contents. The time of conception was assumed to be 2 a.m., the midpoint ofthe cohabitation period. Preterm fetuses were delivered by hysterotomy after anesthetizing the dam with sodium pentobarbital (-60 mg i.p./kg body wt). The time of natural birth was determined by frequent observation of the gravid female during the day or was assumed to be 2 a.m. ifbirth occurred during the night. The size of each litter was adjusted to 10 pups within 12 h of birth, with the day of birth considered day 1. Rats were killed by cutting the great vessels ofthe abdomen after the animals were anesthetized by the intraperitoneal injection of sodium pentobarbital (-60 mg/kg).
Exposure to hyperoxia. Rats were exposed to > 95% 02 at 1 atm in 3.5-ft3 exposure chambers constructed from modified clear plastic nursery isolettes (model 86; Air Shields, Hatboro, PA). The conditions of 02 exposure (> 95% 02, < 0.5% CO2, 22-250C, and 40-60% humidity) were monitored four times each day. For air exposure, rats were maintained in room air in cages adjacent to those housing O2-exposed rats. Exposures to hyperoxia were continuous except for a daily 10-to 15-min period when the chambers were opened for animal maintenance purposes and to allow dams from 02 litters and air litters to be switched to prevent the development of 02 toxicity in the nurturing dams. In some experiments on adult rats, continuous exposures to > 95% 02 were interrupted after 48 h for a 24-h rest period in air before reexposure to > 95% 02-Cloning of Cu,Zn SOD cDNA. We used an adult rat lung cDNA library previously constructed in this laboratory (16) . Recombinant clones (1.5 X 105) in Xgtl 1 (17) were screened after inducing the synthesis of cDNA-fl-galactosidase fusion proteins with isopropyl 13-Dthiogalactopyranoside. The fusion proteins were blotted onto nitrocellulose filters (Millipore Corp., Milford, MA), and incubated with goat anti-rat Cu,Zn SOD (17) plus rabbit anti-goat IgG-horseradish peroxidase conjugate (Bio-Rad Laboratories, Richmond, CA). Four rounds of screening yielded 11 plaque-purified Cu,Zn SOD cDNA clones (frequency = 0.01%).
Sequencing of Cu,Zn SOD cDNA. The Cu,Zn SOD cDNA was excised from XgtlI and subcloned into PGEM-Blue (Promega Biotec, Madison, WI), using Eco RI. Two restriction fragments ofCu,Zn SOD cDNA were generated with Pst I, and were also subcloned into PGEM Blue. The PGEM Blue cDNA constructs were sequenced by the dideoxynucleotide method (18) using a kit (Promega Biotec) with T7 and SP6 promoter primers to sequence from both ends of each insert. The site of each base in the sequence was determined at least three times with an average of eight determinations per base. Approximately 85% of the Cu,Zn SOD cDNA coding sequence was determined on both strands.
Tissue analysis. Poly(A)+ mRNA was isolated from lungs of adult and l-d-old rats by homogenization in guanidine isothiocyanate-containing buffer, centrifugation through cesium chloride, and elution from oligo dT cellulose (19, 20 Cu,Zn SOD mRNA quantitation. To isolate total nucleic acids (22), 200-500 mg of rat lung tissue was homogenized in buffer containing 0.2 mg/ml Proteinase K and 3,000 dpm [3H]a actin cRNA. The homogenate was treated with phenol, and nucleic acids were precipitated with ethanol; the nucleic acid pellet was dissolved at 68°C in 1-2 gl H20/mg of starting lung tissue and the radioactivity in a portion was measured to determine mRNA recovery. Samples of the nucleic acid solution were exposed in triplicate to the radiolabeled-cRNA probe (at 68°C for 16 h) to quantitate Cu,Zn SOD mRNA by solution hybridization (22); 8 U/ml Si nuclease and 40 gg/ml RNAse A were subsequently added to digest unhybridized probe. The assay had a linear range from 1 to 9 pg standard cRNA and was able to detect differences of 5% (not shown).
Cu,Zn SOD synthesis and activity. We measured rates of Cu,Zn SOD synthesis as previously described in detail (14) . In brief, -1.0-mm-thick lung slices were incubated in Krebs-Ringer bicarbonate medium, with 5.5 mM glucose, adult rat plasma concentrations of 19 amino acids, and 0.7 mM [3H]phenylalanine. At this concentration of medium phenylalanine, the specific radioactivity oftRNA-bound phenylalanine equals that of medium phenylalanine within 15 min ofthe start of the incubation, and remains equal for at least 1 h, enabling us to use the medium-specific radioactivity to calculate absolute rates of enzyme synthesis (23) . The flasks were shaken at 120 oscillations per min at 37°C for 2 h with a gas phase of 95% 02/5% CO2. After incubation the lung tissue was homogenized, a sample taken for assay of DNA (14), and the remainder used to measure phenylalanine incorporation into Cu,Zn SOD (14) . Cu,Zn SOD activity was measured as previously described ( 14) .
Statistical analysis. Cu,Zn SOD gene expression in lungs from otherwise unmanipulated neonatal and adult rats exposed to hyperoxia. Lungs from adult rats exposed to > 95% 02 for 24 h exhibit a rate of Cu,Zn SOD synthesis that is 25-30% faster than it is in lungs from air-breathing rats; these differences disappear by 48 h of exposure because of a decrease in the synthesis rate of the enzyme in hyperoxic rats (15) . We have now found the increased rate of Cu,Zn SOD synthesis was present by 12 h of in vivo hyperoxia and occurred without an elevation in the concentration of Cu,Zn SOD mRNA or in the activity of the enzyme (Table II) . The rate of Cu,Zn SOD synthesis in lungs from 02-exposed neonatal rats is faster than the rate in lungs from air-breathing pups (15) , and, unlike in adult rats, this difference occurred with an increase in the concentration of Cu,Zn SOD mRNA (Table III) . Hence, some time between the neonatal period and adulthood, otherwise untreated rats switch from pretranslational to translational regulation of Cu,Zn SOD synthesis in response to continuous exposure to > 95% 02. It is possible this conversion occurs concomitantly with the loss of tolerance to hyperoxia that also takes place between those ages. The elevated rates of Cu,Zn SOD synthesis that develop in lungs ofadult (Table II) and neonatal rats (15) during exposure to > 95% 02 result in an increase ofthe enzyme's activity only in the neonatal animals (15) . This disparity is partly due to a greater increase in the rate ofCu,Zn SOD synthesis in neonatal compared with adult rats (1.4-and 1.2-fold, respectively) (15). However, a more rapid turnover of Cu,Zn SOD in neonatal than adult lungs (1 1) also contributes to the elevation of enzyme activity in the neonate because, even for an equal fold increase in synthesis, more rapidly turning over proteins attain a greater relative rise in concentration than more slowly turning over proteins (33) . The greater tolerance to hyperoxia by neonatal than adult rats thus is due in part to the more rapid turnover of lung Cu,Zn SOD in neonatal rats.
It is especially interesting that Cu,Zn SOD is degraded much more rapidly in neonatal than adult rat lungs (t1/2 = 9
and > 100 h, respectively), in the absence ofa difference in the degradation rate of general lung proteins ( 15 (Table IV) . Thus, unlike the increased rate of Cu,Zn SOD synthesis that develops in untreated 02-exposed rats, which is translationally mediated, the increased rate of Cu,Zn SOD synthesis that develops during the rest period mode of exposure to 02 is mediated pretranslationally. 02 exposure and a rest period without subsequent reexposure to 02 is insufficient to increase Cu,Zn SOD mRNA (Table IV) or the antioxidant enzymes. It will be of particular importance to determine the mechanism by which the rest period mode of exposure induces in adult rats the return to the pretranslational regulation ofCu,Zn SOD expression in response to hyperoxia. It will also be necessary to determine if the pretranslational mechanisms responsible for increased Cu,Zn SOD synthesis in hyperoxic neonatal and rest period-treated adult rats are the same. Cu,Zn SOD gene expression and regulation in lungs ofrats treated with endotoxin. Only -25% of untreated adult rats survive 72 h of continuous exposure to > 95% 02, whereas virtually all similarly exposed rats treated with a low dose of endotoxin survive (9, 10) . This increased tolerance is associated with an elevation of lung Cu,Zn SOD activity that occurs during exposure to > 95% 02 and that is due mainly to an increased rate of Cu,Zn SOD synthesis; rats treated with endotoxin but not exposed to hyperoxia do not exhibit increased lung Cu,Zn SOD synthesis or activity (14) . More recent studies have shown the increase in Cu,Zn SOD synthesis by lungs from endotoxin-treated rats is preceded by a slight decrease in its synthesis in air-and 02-breathing rats that occurs at a time when the concentration of Cu,Zn SOD mRNA is elevated 45% in lungs from both groups (34) . Continued exposure to > 95% 02 or air results in an increased rate of Cu,Zn SOD synthesis only by lungs from 02-exposed rats. Furthermore, in vitro exposure of lung slices from airbreathing, saline-or air-breathing, endotoxin-treated rats to 95% 02 results in an increased synthesis ofCu,Zn SOD only in slices from endotoxin-treated rats (Frank, L., J. Iqbal, M. Hass, and D. Massaro, unpublished observations). Hence, an oxidant challenge is required (or is one means) to effect an increased rate of Cu,Zn SOD synthesis by lungs with the endotoxin-induced increase of Cu,Zn SOD mRNA concentration.
Generalizations about Cu,Zn SOD gene expression and regulation. Consideration of the data presented and reviewed leads us to conclude that under steady-state normoxic conditions, from late gestation to adulthood, Cu,Zn SOD gene expression is regulated mainly at the pretranslational level. In otherwise unmanipulated neonatal and adult rats exposed to hyperoxia the response to this oxidant challenge is developmentally regulated. The response in neonates is a pretranslationally mediated increase in mRNA that leads to tolerance to hyperoxia. By contrast, the increased rate of Cu,Zn SOD synthesis in adult rats is translationally mediated, transient, and does not result in increased enzyme activity or tolerance to 72 h of hyperoxia. A similar pattern of altered gene regulatory mechanisms (but unrelated to hyperoxia) has been identified in cultured mouse fibroblasts at different growth rates, and in rat liver during fetal and postnatal development (35, 36) . However, those studies did not offer an explicit mechanism by which the regulation of gene expression may have been switched.
We have studied two methods of inducing tolerance to hyperoxia, endotoxin treatment and the rest period method, and both cause an increase in Cu,Zn SOD mRNA; both methods also result in increases in Cu,Zn SOD synthesis and activity. Based on our present knowledge, it appears that tolerance to hyperoxia requires the presence, or the induction, of a pretranslational increase of Cu,Zn SOD mRNA (and probably the mRNAs ofthe other antioxidant enzymes). Our findings in otherwise unmanipulated adult rats indicate the response to a transient increase in oxidant stress is mediated translationally.
